Factor Xa (FXa) is a key enzyme that is positioned at the convergence of the intrinsic and extrinsic pathways in the blood coagulation cascade, and inactivation by a specific FXa inhibitor effectively prevents the generation of thrombin. Various types of low molecular weight (LMW) heparin, which function as semi-selective and indirect FXa inhibitors, are replacing unfractionated heparin (UFH) as agents for the prevention and treatment of venous thromboembolism (VTE), as well as in initial treatment for coronary events. Of those, heparinoid has been shown to be safer and more effective for the prevention of postoperative VTE than UFH, especially for treatment of heparin-induced thrombocytopenia (HIT). Further, synthetic pentasaccharide has been found to offer advantages over current thromboprophylactic regimens in a number of patients undergoing major orthopedic surgery. Other studies have shown that pentasaccharide is more effective for overall VTE in comparison with LMW heparin, though it was also associated with an increased rate of major bleeding. Synthetic, selective, and direct inhibitors to FXa, such as DX-9065a, are highly potent and orally bioavailable antithrombotic agents that have demonstrated an improved side effect profile, probably by allowing sufficient thrombin to remain for platelet activation and normal hemostasis, while preventing pathological thrombus formation. For thrombosis therapy, the most desirable type of antithrombotic agent is an orally active drug that has a broad range of effective doses and no hemorrhagic side effects. Presently, many types of direct inhibitors are in various stages of clinical trials and expected to provide significant benefits as compared to currently utilized therapy strategies.
ABSTRACT
Factor Xa (FXa) is a key enzyme that is positioned at the convergence of the intrinsic and extrinsic pathways in the blood coagulation cascade, and inactivation by a specific FXa inhibitor effectively prevents the generation of thrombin. Various types of low molecular weight (LMW) heparin, which function as semi-selective and indirect FXa inhibitors, are replacing unfractionated heparin (UFH) as agents for the prevention and treatment of venous thromboembolism (VTE), as well as in initial treatment for coronary events. Of those, heparinoid has been shown to be safer and more effective for the prevention of postoperative VTE than UFH, especially for treatment of heparin-induced thrombocytopenia (HIT). Further, synthetic pentasaccharide has been found to offer advantages over current thromboprophylactic regimens in a number of patients undergoing major orthopedic surgery. Other studies have shown that pentasaccharide is more effective for overall VTE in comparison with LMW heparin, though it was also associated with an increased rate of major bleeding. Synthetic, selective, and direct inhibitors to FXa, such as DX-9065a, are highly potent and orally bioavailable antithrombotic agents that have demonstrated an improved side effect profile, probably by allowing sufficient thrombin to remain for platelet activation and normal hemostasis, while preventing pathological thrombus formation. For thrombosis therapy, the most desirable type of antithrombotic agent is an orally active drug that has a broad range of effective doses and no hemorrhagic side effects. Presently, many types of direct inhibitors are in various stages of clinical trials and expected to provide significant benefits as compared to currently utilized therapy strategies. 
INTRODUCTION
Venous and arterial thromboembolism together represent a major public health concern throughout the world, due to the associated morbidity and mortality. Hemostasis is the blood clotting process that occurs when a vasculature injury leads to a series of vasculomotor and cellular reactions, as well as activation of the blood coagulation cascade. That cascade is initiated via an extrinsic pathway, and leads first to thrombin activation and then massively amplified thrombin activation due to positive feedback from the intrinsic pathway (1) . Both pathways merge at the factor X activation step, at which time the generated thrombin activates both platelets and endothelial cells, resulting in the expression of negatively charged phospholipids on the cell surfaces, which provides space for the activation of coagulation factors, and in the release of coagulation factors such as fibrinogen and platelet activating factors from those cells, which promotes additional activation of the coagulation system ( Figure 1 ). An imbalance among these clotting processes and thrombolytic conditions can lead to thrombotic or bleeding disorders.
Thromboembolism is responsible for much of the morbidity and mortality seen in clinical practice, and the prevention of blood coagulation is of primary importance in a variety of pathological situations. In the acute phase of thromboembolism, fibrinolytic therapy with a tissue-plasminogen activator is usually performed, whereas antithrombotic agents or anti-platelet agents are employed for prevention of the disease. Both treatment and prevention of thromboembolic disease require an effective anticoagulant therapy without exposing the patient to an increased risk of bleeding, though all presently employed antithrombotic agents have more and less a bleeding tendency as a side effect. Thus, effective monitoring is critical to determine the most effective dose. For example, the measurement of prothrombin time (PT) and the International Normalized Ratio (INR) are utilized worldwide to monitor the antithrombotic effect of warfarin therapy. Since an overdose of an antithrombotic agent will lead to a hemorrhage tendency, a dosage at less than the effective limit will cause thrombosis. Thus, the development of antithrombotic agents with both a broad effective dose and few hemorrhagic side effects is an important pursuit.
The many kinds of FXa inhibitors presently available, including those still in development, are shown in Table 1 . Unfractionated heparin (UFH) is a frequently used and well known anticoagulant agent, however, it is an unselective and indirect inhibitor of FXa, and also inhibits thrombin activity in the presence of antithrombin (AT). Various types of low molecular weight (LMW) heparin are administered for thrombotic disorders in many different kinds of clinical cases. Of those, heparinoid and synthetic pentasaccharide have been extensively studied for their biochemical characteristics and basic influence on the coagulation system, while their advantages in clinical use have also been discussed. On the other hand, there have been few clinical trials of synthetic, selective, and direct inhibitors of FXa, though many have been developed and investigated in basic research studies. Heparin-induced thrombocytopenia (HIT) is a rare but severe complication of heparin therapy caused by antibodies directed against the complexes of platelet factor 4 and heparin. The risk of developing HIT during LMW heparin therapy in patients undergoing orthopedic surgery has been estimated to be 0.75%, in contrast to approximately 5% for patients receiving UFH (8).
Effects of LMW heparin for treatment of coronary events
Clinical trials have been used to evaluate the safety and efficacy of different types of LMW heparin for the reduction of coronary events. In the dalteparin (Fragmin®) study titled Fragmin during instability in coronary artery disease (FRISC), which included 1506 patients with unstable angina or non-Q-wave myocardial infarction, 120 IU/kg of body weight of the agent twice a day for 6 days then at 7500 IU once daily for the next 35-45 days was more effective than a placebo in reducing the incidence of death or myocardial infarction, the double composite endpoint of the study (9) . However, no differences were observed between dalteparin administered subcutaneously twice a day and a continuous infusion of UFH in FRIC study (10) . Following those trials, a double-blind, placebo-controlled study [Efficacy and Safety of Subcutaneous Enoxaparin in Non-Q-Wave Coronary Events (ESSENCE) trial] was conducted with 3171 patients with angina at rest or non-Q-wave myocardial infarction, for whom 1 mg/kg of enoxaparin (Lovenox®, Clexane®) was administered subcutaneously twice daily. The regimen significantly reduced the incidence of death, myocardial infarction, or recurrent angina relative to UFH, the composite endpoint of the study, however, the incidence of bleeding overall was significantly higher in the enoxaparin group (11) . In another study, the safety and efficacy of enoxaparin was evaluated in randomly chosen patients with high-risk non-ST segment elevation acute coronary syndrome (ACS), and the drug given with aspirin and eptifibatide improved patient outcomes, which were determined on the basis of better safety and efficacy results, as compared with UFH, though major bleeding was more frequent in the enoxaparin group (12) . Based on these recent trials, it is widely recognized that LMW heparin is useful for thromboprophylaxis in patients with ACS as compared with UFH, however, the incidence of bleeding is greater.
Effects of LMW heparin for treatment of thromboembolism
Venous thromboembolism (VTE) is a major cause of morbidity and mortality in hospitalized patients (13). Nevertheless, thromboprophylaxis use in medical patients has not been universally accepted or adopted, even though medical patients are at risk for VTE (14) . It was recently suggested that thromboprophylaxis is needed for medical as well as hospitalized patients, because of that increased risk (15) .
Thromboprophylaxis with UFH has been shown to be effective in reducing the incidence of deepvein thrombosis (DVT) and overall mortality in medical patients, while that with LMW heparin is reported to be at least as effective as with UFH, with the advantage of fewer bleeding complications (16 (17, 18) . In addition, in a subgroup analysis in the PREVENT trial, a fixed dose (5000 U/day) of dalteparin was effective and safe in preventing VTE in obese or elderly hospitalized medical patients (19) . Based on those results, LMW heparin has become recognized as more useful for thromboprophylaxis as compared with UFH, and its widespread use is now recommended for both medical and hospitalized patients.
Effects of LMW heparin for treatment of acute ischemic stroke
Nadroparin (Fraxiparine®) was reported to be effective for improving the 6-month outcome of patients with ischemic stroke who were treated within 48 hours of onset of symptoms (20) , though such efficacy was not seen in more recent trials. In a randomized, double-blind, double-dummy trial [Heparin in Acute Embolic Stroke Trial (HAEST)] with 499 patients suffering from acute ischemic stroke and arterial fibrillation, dalteparin (100 IU/kg subcutaneously twice a day) was not superior to aspirin (160 mg every day) for the prevention of recurrent stroke and secondary events during the first 14 days, and there were no significant differences in functional outcome or death after 14 days or 3 months (21) . Further, the rate of bleeding was higher among patients given dalteparin as compared to those given aspirin.
In another randomized, double-blind, dosefinding multicenter trial [Therapy of Patients With Acute Stroke (TOPAS)] with 404 patients with acute ischemic stroke, a dosage increase of certoparin (Sandoparin®) up to 8000 U twice daily did not improve the functional outcome of patients (22) . In addition, the highest dose of certoparin was associated with the highest rate of bleeding, with no differences in the rates of favorable outcomes noted among the tested dosages.
Since LMW heparin is associated with an increased risk of serious bleeding complications when used for prevention of acute ischemic stroke, strong evidence for its efficacy is needed in order to justify its use for urgent anticoagulation.
Heparinoid
Danaparoid sodium (Orgaran®) is a low molecular weight heparinoid that consists of sulfated glycosaminoglycans derived from porcine intestinal mucosa that contains 84% heparan sulphate, 12% dermatan sulphate, and 4% chondroitin sulphate. Danaparoid exerts a stronger catalytic effect on the inactivation of FXa than on the inactivation of thrombin and has relatively few effects on platelet aggregation. The anti-FXa activity has a half-life of 24.5 hours, with 40-50% explained by renal clearance, and is mediated by AT and not inactivated by endogenous heparin neutralizing factors (23) .
In experimental models, the antithrombotic activity of danaparoid has been shown to be more persistent than that of UFH, while the hemorrhagic effects are less persistent. The drug has also been submitted to clinical studies for use in continued anticoagulant therapy in patients with heparin-induced thrombocytopenia (HIT), for prophylaxis and treatment of DVT, and for treatment of disseminated intravascular coagulation (DIC), with the results reviewed by Ibbotson (24).
Effects of danaparoid with prophylaxis for deep vein thrombosis
Factors that contribute to the development of DVT include stasis, hypercoagulability, and vessel wall injury, all of which are sequelae of major surgery and immobility (25) . Several randomized trials have demonstrated that danaparoid is effective and safe for the prevention of postoperative VTE in patients undergoing general or orthopedic surgery. Further, randomized and comparative studies using patients undergoing hip surgery (hip fracture or hip replacement surgery) have shown that danaparoid significantly reduces the incidence of postoperative DVT as compared with aspirin (26) , warfarin (27, 28) , dextran 70 (29) , heparin dihydroergotamine (30) , and a placebo (31). In those reports, a total of 120 (14.0%) patients received danaparoid (750 U once or twice daily) among 859 patients who had evidence of DVT and underwent hip surgery, which was significantly fewer than those (29.8%) who received another drug or a placebo (56.5%), while there was no significant difference with enoxaparin (15.4%) or dalteparin (8.8%) (24) .
In patients undergoing abdominal and thoracic surgery for removal of a malignancy, danaparoid reduced the incidence of postoperative DVT as compared with a placebo, however, showed no significant difference when compared with UFH (32, 33). In short, only 8.5% of the patients who received danaparoid (500-1000 U subcutaneously twice daily) developed DVT, which was significantly fewer than those (64%) who received a placebo, though not significantly different from those (11.2%) who received UFH. However, the development of DVT was slightly higher (36%) in the patients who received the smaller dose (500 U) of danaparoid. On the other hand, the drug was reported to be effective for prophylaxis for DVT following acute ischemic stroke, while it has been also been suggested to be useful without prophylaxis, as DVT develops in 28% to 75% of stroke patients (34). When used with prophylaxis for DVT following acute ischemic stroke, danaparoid was significantly superior to UFH without a significant difference in side effects (32, 33). Further, in patients with DIC, 61.9% of those patients who received danaparoid experienced either a disappearance or reduction of symptoms, whereas 62% of those who received UFH showed either no change or an aggravation of symptoms (24).
Effects of danaparoid for treatment of acute ischemic stroke
Danaparoid has been expected to be effective in preventing DVT in stroke patients similar to LMW heparin, however, there are few reports of its efficacy when used as therapy for acute stroke. In a randomized, double-blind, placebo-controlled, multicenter trial [Trials of ORG-10172 in Acute Stroke Treatment (TOAST) (35)] with 1281 patients with acute stroke, danaparoid was given initially as a bolus within 24 hours of the stroke followed by continuous infusion for 7 days at a dose adjusted to maintain the anti-FXa activity at 0.6-0.8 U/ml. However, it was not found to be associated with an improvement in favorable outcome after 3 months, though there was an apparent positive response to treatment at 7 days. Those authors noted that administration as late as 24 hours after onset might improve the outcome of patients whose strokes are secondary to large-artery atherosclerosis, and also found that emergency administration of danaparoid was associated with major bleeding and an increased risk of intracranial hemorrhage, especially among patients who experienced a major stroke.
Effects of danaparoid for treatment of heparininduced thrombocytopenia
Heparin-induced thrombocytopenia (HIT) is an immune-mediated syndrome that develops in 1% to 3% of patients receiving UFH (36). HIT is usually manifested within 5-10 days following the start of heparin treatment and is associated with antibodies, usually of the IgG class, directed against heparin-platelet factor 4 complexes as the major antigen (37). From 30% to 75% of patients with HIT develop thrombosis, with venous events about four times as common as arterial events. However, cross-reactivity between danaparoid and the heparin-associated antibody from the plasma of patients with HIT is less than 10% (38). Several trials with danaparoid have been performed in patients with both thromboembolism and HIT.
In a small prospective randomized trial, danaparoid plus warfarin was superior to dextran 70 plus warfarin in HIT patients with severe thromboembolic complications (39). In an open-labeled trial with 42 patients with recent thrombosis and a clinical diagnosis of HIT, for whom danaparoid was given at a dose of 2400 U as a bolus injection followed by 400 U/hour for 2 hours, 300 U/hour for 2 hours, then 200 U/hour for 5 days, there was complete clinical recovery from thromboembolic events in 56% of the patients, as compared to 14% after dextran 70 given at 1000 ml on day 1 and then at 500 ml on days 2 through 5 (odds ratio: 10.5, IC95%: 1.2-16.7, p=0.02). Overall clinical effectiveness of danaparoid was rated as high or moderate in 88% of the patients, as compared with 47% for dextran 70 (p=0.01) (39). Further, a retrospective analysis compared the use of lepirudin, a recombinant thrombin inhibitor, and danaparoid for anticoagulant therapy in patients with HIT (40). The cumulative risk of combined end point (new thromboembolic complications, amputations and/or death) was higher in HIT patients without thromboembolic complications at the baseline treated with prophylactic dose of danaparoid as compared to lepirudin (p=0.02). Whereas HIT patients with thromboembolic complications at baseline treated with the therapeutic dose had a similar outcome in both treatment groups. The therapeutic doses were at least twice as great as the prophylactic doses. Major bleeding occurred in 2.5% of the danaparoid treated patients as compared to 10.4% of the lepirudin treated patients until day 42 (p=0.009). In another trial with 45 patients with HIT type II, danaparoid was given intravenously at 2.6 IU/kg/hour (therapeutic use), which led to a fast normalization of platelet counts, while that given subcutaneously at 10 IU/kg with a vitamin K-antagonist (as a prophylactic) was effective for the prevention of thromboembolic complications (41).
Therefore, danaparoid may be effective for patients with HIT. However, it was recently reported that 5 cases of HIT treated with danaparoid developed both thrombocytopenia and new thromboembolic complications, suggesting that a low or intermediate dosage may be inadequate for treatment of HIT (42).
Synthetic Pentasaccharide
A synthetic pentasaccharide, such as fondaparinux and SANORG-34006, is a selective and indirect inhibitor to FXa, with fondaparinux currently used for the prevention of and therapy for thromboembolism.
Fondaparinux (Arixtra®) is a novel synthetic pentasaccharide with a MW of 1,728 daltons that binds with a high affinity to the heparin binding site of AT (Kd = 48 nM) and is the first FXa inhibitor approved for use in thromboprophylaxis following orthopedic surgery. The half-life of the drug is from 13 to 21 hours, allowing a once daily administration (44). Unlike UFH and LMWheparin, pentasaccharide does not interact with platelets and prothrombin, making its anticoagulant effects more selective and predictable. At recommended doses, it neither activates fibrinolysis nor prolongs bleeding time. Its antithrombotic effects in clinical trials have been well reviewed by Leone (45) and Bauersachs (46). SANORG-34006 (idraparinux) also has a high affinity to human AT (Kd = 1.4 nM), and is a potent and selective catalyst of the inhibitory effect of AT on FXa (47). Idraparinux has a half-life of approximately 4 days, making it suitable for a once a week subcutaneous injection (48). After both intravenous and subcutaneous administrations to rabbits, the drug displayed longlasting antithrombotic activity by virtue of its potentiation of the anti-factor Xa activity of AT, and strongly inhibited thrombin formation in experimental rat models of thromboplastin-induced venous thrombosis that received a subcutaneous administration (ED 50 = 40.0 nM/kg) and in rabbits that received an intravenous administration (ED 50 = 105.0 nM/kg) (47). Idraparinux was also reported to enhance recombinant tissueplasminogen activator (rtPA)-induced thrombolysis and inhibit accretion of 125 I-fibrinogen into a preformed thrombus in rabbit jugular veins, suggesting that its concomitant use during rtPA therapy might be helpful in facilitating thrombolysis. Further, idraparinux did not enhance bleeding in a rabbit ear incision model at a dose that equaled 10 times the antithrombotic ED 50 in that species and exhibited a favorable therapeutic index (47). SANORG-123781A is the first example of a totally synthetic hexadecasaccharide that exhibits the AT-mediated inhibitory activities of both FXa and thrombin with no binding to PF-4 (49). The drug also shows a high affinity for human AT (Kd = 58.22 nM), and is a potent catalyst of its inhibitory effect with regard to FXa (IC 50 = 77 ng/ml) and thrombin (IC 50 = 4.0 ng/ml). Although SANORG-123781A retains the full antithrombotic properties of UFH, this agent does not compete for 3 H-heparin binding to platelet factor 4 (PF4) or activate platelets in the presence of plasma from patients with HIT (50). Following intravenous and subcutaneous administration to animal models, VTE: venous thromboembolism, RRR: relative risk reduction SANORG-123781A displayed prolonged anti-FXa activity and anti-thrombin activity ex vivo, and the intravenous administration strongly inhibited thrombin formation in a rat experimental model of thromboplastininduced venous thrombosis (ED 50 = 18 µg/kg, vs. 77 µg/kg for UFH). However, bleeding in various experimental models occurred at higher doses, though it has been reported to exhibit a highly favorable antithrombotic/bleeding ratio (50).
Effects of fondaparinux for the prevention of venous thromboembolism
Fondaparinux has been approved by the FDA at a daily dosage of 2.5 mg for the prevention of VTE in patients who have undergone major orthopedic surgery. Trials for the potential use of this agent for the prevention of VTE were conducted in both surgical and medical settings, as well as for the treatment of established VTE. In a phase II dose-ranging study (PENTATHLON trial) with patients undergoing surgery for elective total hip surgery, the thromboprophylactic dosage regimen of fondaparinux for orthopedic surgery cases was determined (51). When fondaparinux was administered subcutaneously once daily at 5 different doses (0.75, 1.5, 3.0, 6.0, and 8.0 mg), or LMW heparin (enoxaparin) was administered at a dose of 30 mg for comparisons, fondaparinux showed a statistically significant dose-dependent efficacy for the incidence of VTE as well as safety, as the rate of VTE was significantly lower in the fondaparinux 3.0 mg group (1.7%) than in the enoxaparin group (9.4%) (p = 0.01), while the incidence of major bleeding was comparable (fondaparinux; 4.5%, enoxaparin; 3.5%). Those results and statistical calculations suggested a dose of 2.5 mg for the phase III trials. In randomized, double-blind international phase III trials in patients undergoing surgery for hip fracture, elective hip replacement, and major knee surgery, fondaparinux administered at a subcutaneous dose of 2.5 mg (once daily) postoperatively, reduced the overall incidence of VTE up to day 11 by 55.2% (p<0.001 vs. enoxaparin) (52) ( Table  2 ). In another randomized double-blind trial, 4 weeks of prophylaxis with fondaparinux after hip fracture surgery reduced the risk of VTE by 96% as compared to 1 week of the prophylaxis, and it was well tolerated (53). Further, fondaparinux (2.5 mg once daily starting postoperatively) given to high-risk abdominal surgery patients reduced the incidence of VTE to 4.6% from 6.1% with dalteparin (2500 IU, 2 hours preoperatively, then 12 hours postoperatively and 5000 IU once daily for 5-6 days) (54). In acutely ill medical patients who received 2.5 mg of fondaparinux (once daily for 6-14 days), the incidence of VTE was smaller (5.6%) than that (10.5%) with a placebo (53).
Fondaparinux has been approved for the prevention of VTE following major orthopedic surgery, and is at least as effective and safe as current reference drugs for treatment of VTE, though additional trials should be conducted, because the timing of the first dose of fondaparinux was different in previous trials. Recent studies of fondaparinux for the treatment of VTE include 2 different phase III, large-scale, randomized clinical trials. Both the efficacy and safety of once daily fondaparinux (2.5 mg) were at least as good as those of enoxaparin (1 mg/body kg twice daily) for the treatment of VTE (MATISSE-DVT) (55) and of UFH (adjusteddose continuous) for the treatment of pulmonary embolism (MATISSE-PE) (56) ( Table 3) . A once-daily, subcutaneous administration of fondaparinux without monitoring is considered to be at least as effective and safe as adjusted-dose UFH as initial treatment for hemodynamically stable patients with pulmonary embolism (PE). An advantage of fondaparinux is that the regular dose does not require monitoring of anticoagulant activity or adjustments.
Although this pentasaccharide has been reported to have few hemorrhagic effects, recombinant FVIIa is useful to reverse the anticoagulant effect of fondaparinux in case of serious bleeding complications or when surgery is needed during treatment with the drug (57).
Effects of fondaparinux for prevention and treatment of coronary events
Anticoagulants have a prominent position among the various types of therapy used for the management of patients with ACS. Fondaparinux has been compared with heparin for treatment of patients following a coronary event. The PENTALYSE study was a dose-ranging study that compared fondaparinux with UFH in 333 patients treated with aspirin and rt-PA (alteplase) (58) . Fondaparinux (daily dose of 4-6 mg, 6-10 mg, or 10-12 mg for 5-7 days) was well tolerated and as effective as UFH in maintaining arterial potency following thrombolysis in patients with myocardial infarction, while the incidence of major bleeding was 7.1% in both groups.In a recent randomized trial [Arixtra Study in Percutaneous Coronary Intervention: A Randomized Evaluation (ASPIRE) Pilot Trial] with 350 patients undergoing elective or urgent percutaneous coronary intervention (PCI), the composite efficacy outcome of all-cause mortality, myocardial infarction, urgent vascularization, or need of bailout glycoprotein (GP) IIb/IIIa antagonist, was 6.0% in both the UFH and 6.0% fondaparinux groups, with no significant difference in efficacy seen between the fondaparinux doses (2.5 mg or 5.0 mg) as compared with UFH. Further, the incidence of total bleeding was 7.7% in the UFH group, as compared to 3.4% in the 2.5 mg fondaparinux group and 9.6% in the 5.0 mg fondaparinux group (p=0.06, vs.2.5 mg fondaparinux group) (59) . These data suggested further evaluation of fondaparinux in a large number of patients in the same setting. Two international, randomized, double-blind, controlled, parallel group studies, the OASIS-5 trial, which included patients with unstable angina and non-ST segment elevation myocardial infarction, and the OASIS-6 trial, which included patients with acute ST elevation myocardial infarction, are presently being conducted. A large proportion of those patients are undergoing PCI.
Fondaparinux was also investigated in an open pilot study as an adjunct to percutaneous transluminal coronary angioplasty (PTCA), which is known to be a clinical setting that promotes arterial thrombosis. PTCA was performed in 61 patients with stable or unstable angina for more 7 days, or acute myocardial infarction with more than 70% stenosis. A 5-minute intravenous infusion of 12 mg of fondaparinux given prior to angioplasty along with 500 mg of intravenous aspirin was found to be effective and safe. The abrupt vessel closure rate was 3.3%, with an efficacy comparable to that seen in historical trials of heparin (4.2% to 8.3%), and no major bleeding occurred. Thus, fondaparinux seems to be as effective and safe as heparin in patients with coronary artery diseases undergoing PTCA (60).
Effects of fondaparinux for heparin-induced thrombocytopenia
Heparin-induced thrombocytopenia (HIT) is a complication of heparin therapy caused by antibodies against a complex of PF4 and heparin. No severe thrombocytopenia was reported during prolonged administrations of 2.5 mg of fondaparinux for up to 4 weeks in the PENTHIFRA plus study (61) . Overall, no episode of HIT was reported in either the phase II or phase III program. Previous reports have found that fondaparinux shows no cross-reactivity with antibodies to heparin-PF4 complexes (62, 63) . In a recent serological study to determine the cross-reactivity of HIT sera with fondaparinux, the drug was significantly less reactive (3.3%) than UFH (79.8%) in the presence of HIT sera (p<0.001) and found not to induce the binding of HIT-associated (anti-PAC-1 and anti-CD62) antibodies to platelets with HIT sera, using a flow cytometry technique (64) . Thus, fondaparinux may be useful for prophylaxis and treatment of thrombosis in patients with a history of HIT, though more clinical experience is required.
SYNTHETIC SELECTIVE DIRECT INHIBITORS OF FACTOR Xa
A large number of synthetic, selective, and direct inhibitors of FXa are currently being developed worldwide, as FXa is a key enzyme in the coagulation (Figure 2-A) is a highly selective and competitive inhibitor of FXa, as its estimated dissociation content (Ki) for FXa is reported to be 41 nM, while that for thrombin is > 2000 µM (65) . Although DX-9065a inhibits both FXa and prothrombinase complex with similar Ki values in either the presence or absence of prothrombin, it also acts as a non-competitive inhibitor (Ki=~26 nM) of the proteolytic activity of prothrombinase during the process of prothrombin activation (66) . DX-9065a has a three-compartment distribution (α, β, and γ half-lives of 0.23, 2.9, and 89.9 hours, respectively) and is cleared renally when intravenously administered at therapeutic doses (67) . In contrast, the maximum plasma concentration of DX9065a orally administered at 10 mg to healthy Japanese volunteers was 6.2 ng/ml at 1 hour after administration (68) .
There are a number of reports of the strong inhibitory effect toward FXa by DX-9065a. Using a chromogenic assay with purified coagulation factors, 73.9% of thrombin generation was suppressed by 0.2 µM of DX-9065a (114.2 ng/ml), which was within the therapeutic dosage range expected in humans. In contrast, argatroban, a selective thrombin inhibitor, was less inhibitive (36.0%), as shown in Figure 3 (69) . In addition, the inhibitory effect of DX-9065a (0.2 µg/ml) with LMW heparin (enoxaparin; 0.5 U/ml) was 2.4-fold greater than that of DX-9065a or LMW-heparin alone when measuring the inhibition of FXa activity in an in vitro study using a chromogenic assay with pooled plasma from healthy donors. These results suggest that a systemic state of moderate-to-high intensity anticoagulation should be anticipated in clinical settings where LMW heparin concentrations in excess of 0.5 U/ml coexist with DX-9065a levels of 0.2 µg/ml or greater (70) , and further suggest that the binding site of DX-9065a to FXa is different from that of heparin (71) . In an open-label crossover study with 6 healthy individuals, administration of DX-9065a alone or combined with aspirin significantly inhibited thrombus formation at high shear rate by 30% to 40% and by approximately 20% under low shear rate conditions, while enoxaparin did not have a significant effect (72) . Thus, the combination of direct inhibitors and other anticoagulant agents is expected to be effective for thromboprophylaxis as compared with an anticoagulant alone, however, additional clinical studies including those with a focus on the hemorrhagic side effects are necessary prior to clinical use.
There are also a number of in vitro studies and disease model studies that show the efficacy of DX9065a toward FXa inhibition. The inhibitory effect of DX-9065a appears to also affect FXa present on the surface of microparticles, which can display a prothrombotic effect. Heault reported that DX-9065a was a potent antithrombotic compound when thrombosis was induced by platelet-derived microparticles in an in vivo study with a modified AV shunt rat model (73) . DX9065a, but not heparin, reduced the mortality at 6 hours after the initiation of venous thrombi in mice with experimental venous thrombosis and PE (74) . Moreover, when DX-9065a was administered to PAI-1 knockout mice with PE, the mice survived well without marked bleeding. Coagulation caused by FXa may play a role in the amplification of PE, and PAI-1 may play a key role in embolism development. Therefore, a dual inhibition of Influence of antithrombotic agents on thrombin generation and initial thrombin forming time. Direct inhibitors to FXa (DX-9065a and JTV-803) did not affect the initial thrombin formation, which is considered important for platelet aggregation in hemostasis, whereas thrombin generation was strongly suppressed by the addition of the inhibitors. In contrast, argatroban inhibited both thrombin generation and initial thrombin formation. coagulation for FXa and PAI-1 significantly improved the rate of mortality in acute PE (74) . Also, DX-9065a has been found to exert an effective protection against experimental tumor-induced DIC in rats, suggesting that this agent can improve the hypercoagulable state induced by progress of a solid tumor (75).
YM-466
YM-466 (Figure 2-B) is also a potent, specific, and orally active inhibitor of FXa that has a high affinity for FXa (Ki = 1.3 nM), though it does not affect thrombin (Ki > 100 µM) (76) . YM-466 inhibits FXa in prothrombinase complex with an IC 50 value of 7.7 nM and platelet aggregation induced by various agonists (IC 50 = 3 to 23 µM), probably by inhibiting the binding of fibrinogen to GP IIb/IIIa on platelet surfaces (76) .
In an electrically-induced carotid artery thrombosis rat model, YM-466 intravenously administered at 1 mg/kg/hour before electrical stimulation improved patency status, and prolonged the time to occlusive thrombus formation and duration of patency, as compared with UFH, dalteparin, and argatroban (77) . In the same study, YM-466 orally administrated at 30 mg/kg before electrical stimulation significantly reduced the incidence of occlusion and improved carotid artery patency, which was in contrast to ticlopidine, cilostazol, aspirin, beraprost, ethyl icosapentate, and warfarin (77) . Thus, YM-466, which can be given orally and intravenously, was shown to be an effective antithrombotic agent for the treatment and prevention of arterial thrombosis. In addition, the absorption, distribution, metabolism, and extension of YM-466 were investigated in rats following a single oral administration. The plasma concentration of orally given YM-466 reached a maximum within 30 minutes, and non-metabolic YM-466 was rapidly distributed to the livers and kidneys, with 76.1% and 25.2% of the administered amount excreted in feces and urine, respectively (78) .
A combination of YK-466 at 10 mg/kg with YM-128, a GPIIb/IIIa antagonist, at 3 mg/kg was reported to inhibit thrombotic occlusion and neointima formation in mice, without affecting platelet aggregation, suggesting that the concomitant inhibition of FXa and GPIIb/IIIa may provide a safe and effective therapeutic regimen for treatment of coronary angioplasty (79) . However, the problem of hemorrhagic side effects remains in clinical use, because platelet function is also inhibited by YK-466 alone (76).
JTV-803
JTV-803 (Figure 2 -C) also shows a competitive inhibitory effect toward human FXa. The Ki of JTV-803 (MW: 559.64) for FXa was found to be 19 nM, with an effective dose ranging from approximately 0.1 to 0.5 µM (80) . Using a chromogenic assay with purified coagulation factors, 75.7% of thrombin generation was significantly suppressed by the addition of JTV-803 (0.18 µM), which was within the therapeutic dosage expected in humans, as compared with argatroban (36.0%) ( Table 5 ) (69) . JTV-803 has also been shown to inhibit thrombus formation in an AV shunt model (81) , and was demonstrated to be effective for treating both liposaccharide-induced and tissue factor-induced DIC in rat models (82).
KFA-1411
KFA-1411 (Figure 2-D) also selectively inhibits FXa with a Ki value of 1.73 nM (Ki value for thrombin, 26,000 nM) without inhibition of platelet aggregation at a concentration shown to have an anticoagulant action. The anticoagulant action of KFA-1411 in human plasma is nearly equal to that of the selective thrombin inhibitor argatroban (83).
BAY-59-7939
BAY-59-7939 (Figure 2-E) is an oral, direct inhibitor to FXa, with a molecular weight of 435.89 daltons. This agent inhibits human factor Xa (Ki = 0.4 nM) with a greater than 1000-fold selectivity as compared to other serine proteases. BAY-59-7939 also inhibits endogenous factor Xa in more potent manner in human plasma (IC 50 = 21 nM) than rat plasma (IC 50 = 290 nM) (84) .
The effects of BAY-59-7939 administered intravenously and orally in both arterial and venous thrombosis models were investigated. When 0.1 mg/kg was intravenously administered, venous thrombosis was reduced in a dose dependent manner in a venous stasis rat model, while 5.0 mg/kg administered orally reduced arterial thrombus formation in an AV shunt in rat model. Further, BAY-59-7939 was reported to slightly inhibit FXa (32% at ED 50 ) and reduce thrombus formation in a venous model, though a stronger inhibition of FXa was required to affect arterial thrombosis in rat and rabbit models (74% and 92%, respectively, at ED 50 ) (84) . In a multiple dose escalation study with BAY-59-7939, maximal FXa inhibition of 70% was achieved at a steady state with the highest dose (30 mg, twice daily) (85) . Further, the agent did not directly affect platelet aggregation in vitro (86) , or increase bleeding time in a clinical study with healthy donors (85, 87).
DPC-423
DPC-423 (Figure 2-F) is another synthetic, competitive, and selective inhibitor of FXa that inhibits human FXa with Ki value of 0.15 nM (Ki: 6000 nM for human thrombin) (88) . When given to dogs, DPC-423 produced a pharmacokinetic profile with an oral bioavailability of 57%, a plasma clearance of 0.24 l/kg/hour, and half-life of 7.5 hours (89) . In a preliminary study with healthy donors, DPC-423 was well tolerated and orally bioavailable, with a plasma half-life of 27-35 hours. Further, the effective plasma concentration (EC 50 ) value was 137 nM in an electric current-induced arterial thrombosis rabbit model, and the antithrombotic effect of DPC-423 was significantly correlated with its ex vivo anti-FXa activity (r=0.89), determined using a chromogenic assay (88).
DPC-906 (razaxaban)
DPC-906 (razaxaban, MW: 528.5) (Figure 2 -G) is a potent and selective inhibitor of FXa that inhibits human FXa with a Ki value of 0.19 nM (540 nM for human thrombin). This inhibitor has been shown to be orally bioavailable in rats, dogs, and humans, as well as highly constrained to fit into the FXa active site in a complementary manner, while it showed a doubling of aPTT and PT at 6.1 and 2.1 µM, respectively (89).
Another study found that DPC-906 was efficacious in a rabbit AV shunt thrombosis model with an IC 50 value of 340 nM and electrically induced carotid artery thrombosis model rabbits with an EC 50 value of 379 nM, when given as an intravenous infusion 1 hour before the initiation of thrombosis (90).
Clinical trials of direct inhibitors
Over the last decade, significant advances in the development of anticoagulants including synthetic direct FXa inhibitors have been made for use with pharmacotherapy for ACS. Although aspirin and UFH are the primary agents given to patients with ACS, additional approaches are considered necessary to combat the intense inflammatory and thrombotic cascades invoked by the disease. Indeed, LMW-heparin and fondaparinux have been reported to have greater anti-FXa activities than UFH, and are considered superior for treating patients with ACS (92, 93) .
In a double-blind trial [Xa Neutralization for Atherosclerotic Disease Understanding (XaNADU) IB study] of 73 patients with stable coronary artery disease, infusion of DX-9065a for 72 hours (produced concentration, 14-324 ng/ml) was well tolerated without major bleeding and serious adverse events were not reported during the infusion period. Further, it was noted that the drug concentration in plasma correlated strongly with anti-FXa activity (r=0.97) in that study (67) . In another report of an initial experience with FXa inhibition in PCI (XaNADU-PCI pilot), direct FXa inhibition was reported to be a novel and potentially promising approach to anticoagulation during PCI (94) . In a randomized, open-label study with 175 patients, elective PCI was feasible using a direct FXa inhibitor as an anticoagulant and predictable plasma drug levels were rapidly obtained with a double-bolus infusion of DX9065a, 15 minutes after which the concentration was greater than 176 ng/ml (94) . Additional studies are necessary to establish the efficacy of DX-9065a in patients undergoing PCI. However, based on these previous studies, in patients with stable coronary artery disease or undergoing PCI, the effective dose of DX9065a for clinical trials has been set in a range of 100 to 200 ng/ml of plasma concentration, which is expected to be maintained by measuring anti-FXa activity and whole-blood INR (67, 72, 94) .
In a phase II trial of DX-9065a in 402 patients with non-ST-elevation ACS (XaNADU-ACS trial) (95) , there was no-significant tendency toward a reduction in ischemic events and bleeding with DX9065a as compared with UFH. The primary efficacy endpoint (death, myocardial infarction, urgent revascularization, or ischemia on continuous ST-segment monitoring) occurred in 33.6%, 34.3%, and 31.3% of patients assigned to the UFH (bolus at 70 U/kg, then 15 U/kg/hour infusion up to 72 hours), low-dose DX-9065a (bolus at 0.025 mg/kg, then 3 hour loading infusion at 0.04 mg/kg, followed by a maintenance infusion at 0.012 mg/kg/hour up to 72 hours), and high-dose DX-9065a (2-fold volume of low-dose group) groups, respectively, with major bleeding occurring in 3.3%, 0.8%, and 0.9%, respectively. All of the patients also received aspirin, 325 mg initially and 81-325 mg daily. However, higher concentrations of DX-9065a were associated with a lower likelihood of ischemic events (P = 0.03) and a nonsignificant tendency toward a high likelihood of major bleeding (P = 0.32) (95) . These results suggest that additional investigations are needed in patients with ACS.
DPC-906 (razaxaban) has also been studied in a phase II randomized, double-blind, multicenter trial, in which several dosages were compared to enoxaparin in knee replacement patients. In that trial, 656 patients undergoing elective primary total knee replacement surgery were randomly assigned to receive razaxaban twice daily at doses of 25 mg, 50 mg, 75 mg, or 100 mg, which were started 8 hours after surgery and given for 10 days, or subcutaneous enoxaparin twice daily at 30 mg that was started 12 to 24 hours after surgery and given for 10 days. The 3 highest doses of razaxaban were each associated with an increased rate of bleeding as compared to enoxaparin, however, patients on the lowest dose had a similar incidence of major bleeding compared to those on enoxaparin (0.7% vs.0.0%) and a lower rate of VTE (8.6% vs.15.9%). It has been concluded that razaxaban at a dose of 25 mg has a good potential for increased efficacy and similar safety as compared to standard treatment protocols (96).
Influences of direct inhibitors on laboratory tests and monitoring
During therapy with anticoagulants for thrombotic diseases, monitoring is important for maintaining the correct therapeutic dose. Clinically, heparin is typically monitored using either activated partial thromboplastin time (aPTT) or activated clotting time, while warfarin is usually monitored using prothrombin time (PT) or PT-INR. Although a number of studies have been performed, monitoring for DX-9065a is still not well established.
In an in vitro thrombin generation assay with purified human coagulation factors, DX-9065a at concentrations of 0.5 µM (285 ng/ml) or less had little or no significant effect on aPTT or PT (69) . In contrast, in an open-label, crossover study with 6 healthy individuals, administration of DX-9065a to gain a plasma concentration in the range of 20-80 ng/ml induced a small but significant increase in both aPTT and PT (72) . These results suggest that aPTT and PT levels may not reflect the antithrombotic activity of DX9065a.In a clinical trial with patients with stable coronary disease, a predictable plasma drug level was shown to be correlated with anti-FXa activity following the infusion of DX-9065a (r=0.97), but less so with aPTT (r=0.56) (67) . Further, in experiments with BAY-59-7939 in rat and rabbit AV shunt models, PT was increased by 1.2-fold and 3.2-fold, respectively, at the effective dose for 50% thrombus reduction, while plasma concentrations were 14-fold lower in the rabbits as compared with the rats (0.07 and 1.0 µM, respectively). In contrast, the levels of inhibition of FXa activity for a 50% reduction of thrombus were 74% and 92% in those rat and rabbit AV shunt models, respectively. These results suggest that antithrombotic efficacy can be predicted more precisely by the anti-FXa activity of the inhibitor in plasma than by PT (84) . Monitoring is important during antithrombotic therapy with a direct FXa inhibitor to determine its efficacy and safety, though the effective dose of the inhibitor is broad. Thus, the inhibition activity of FXa may be a suitable measure and a direct assay of anti-FXa activity should be developed.In addition, as shown in the XaNADU-PCI pilot trial, the measuring of whole blood INR may also provide important information regarding the effective dose (94).
Influences of direct inhibitors on platelet activation and bleeding time
The most important problem of treatment with anticoagulants is the hemorrhagic side effect. In both in vitro and in vivo experiments, most of the direct FXa inhibitors studied are considered to be a new type of antithrombotic agent with few hemorrhagic effects that do not prolong bleeding time (97, 98, 99), probably because platelet activation is not inhibited (97). Tanabe (100) evaluated the effects of DX-9065a on bleeding time and blood loss in a tail transection rat model, and on blood loss in a hydrochloride-induced gastrointestinal hemorrhage rat model. In the former, DX-9065a at concentration of 2-fold of ID 50 did not affect blood loss, whereas warfarin at a concentration of ID 50 facilitated it a level 5-fold greater than the control. In the gastrointestinal hemorrhage rat model, DX-9065a did not increase blood loss, whereas it was increased by about 2 times with warfarin. These findings suggest that the competitive and reversible inhibition of FXa by DX9065a might result in thrombin generation sufficient to induce hemostatic plug formation, though it would be insufficient to facilitate thrombus formation (100) . In a study that measured initial thrombin forming time, the time required to generate 50% thrombin activity in vitro, which is considered important for platelet aggregation in hemostasis, was reported to be prolonged by argatroban (1.33-fold vs.control; p<0.002), whereas DX-9065a and JTV-803 had no apparent influence on the initial thrombin forming time (Figure 3) . Further, in the same study, platelet aggregation induced by tissue factor in defibrinated plasma was not affected by DX-9065a or JTV-803 at doses sufficient for more than 80% inhibition of thrombin generation, though it was significantly reduced by argatroban (69) . These results suggest that direct inhibitors can inhibit thrombin generation significantly without affecting the activation of platelets necessary for hemostasis.
Morishima reported the evidence for the presence of a small amount of thrombin during administration of DX-9065a. Although DX-9065a inhibited dose-dependently thrombus formation in AV shunt model rats, the agent at the same concentration did not inhibit the elevation of thrombin-antithrombin complex (TAT) levels in rat plasma, whereas argatroban inhibited both thrombus formation and TAT elevation (101) . DX-9065a was also reported to inhibit the formation of venous-type fibrin-rich thrombus by inactivating bound and soluble FXa without impairing platelet hemostatic function in baboons treated with an AV shunt (99) . In a study with healthy volunteers, bleeding time was not prolonged when DX-9065a was administrated intravenously, even at the highest plasma concentration of 1640 ng/ml (2.87 µM). In addition, the infusion of JTV-803 at 1~10 mg/kg/hour had less of an effect on bleeding time in rats (81) . In other studies, KFA-1411 did not inhibit platelet aggregation at a concentration that showed anticoagulant action, in contrast to argatroban, heparin, and HMW-heparin (dalteparin), which inhibited thrombin-induced platelet aggregation (83) . In another study, bleeding times in rats and rabbits were not significantly affected at antithrombotic doses (3 mg/kg, orally, AV shunt models) of BAY59-7939 (84) .
Most of the existing FXa is inhibited by FXa inhibitors, however, a small amount remains unaffected, which may bring about the small generation of thrombin that can consequently activate factor XI independently of factor XII (102, 103) and accelerate the intrinsic coagulation reaction. Further, there is a small amount of thrombin in blood that seems to be generated by factor XIa, which is activated automatically (102, 103) and/or by activated factor VII through an unknown mechanism (104) . A small amount of thrombin generated by the above mechanisms seems to activate platelets, resulting in a normal bleeding time. Additionally, platelet aggregation induced by tissue factor was not affected by the presence of synthetic direct FXa inhibitors, in contrast to argatroban, which strongly inhibited aggregation (69).
CONCLUSION
The generation of thrombin is a crucial step in the process of blood coagulation, and thrombosis results from a series of proteolytic activating reactions that are initiated via intrinsic and extrinsic pathways in the blood coagulation cascade. FXa is a serine protease positioned at the convergence of those pathways and its inactivation by a specific FXa inhibitor will effectively prevent the generation of thrombin without affecting existing thrombin levels. Therefore, a sufficient level of thrombin likely remains to allow platelet activation and normal hemostasis, while preventing pathological thrombus formation.
Agents that can inhibit the activity of FXa are promising for their use in preventing thrombosis, in place of thrombin inhibitors or other anticoagulants such as warfarin. Recent therapeutic strategies for thrombosis include injectable agents such as LMW-heparin, heparinoid, and synthetic pentasaccharide, which have been reported to be specific for FXa and offer advantages over UFH. Among those, LMW heparin is distinctly superior to UFH for prophylaxis and treatment of thromboembolism, based on the results of in vitro studies and clinical trials. However, the most valuable and desirable antithrombotic agent is an orally active drug with broad range of effective dosages and without hemorrhagic side effects. Since orally active alternatives are better for long-term treatment of both venous and arterial thromboembolism patients, oral administration is a goal of antithrombotic drug discovery. Thus, LMW heparin and heparinoid as well as synthetic pentasaccharide are slightly inferior to synthetic selective direct FXa inhibitors such as DX-9065a. However, the efficacy of synthetic direct inhibitors for prophylaxis and treatment of thromboembolism is not clear as compared with other FXa inhibitors, because of the few clinical trials conducted thus far. On the other hand, combinations of these inhibitors and other agents such as aspirin have been reported to be effective for thromboembolism prophylaxis, though future examinations are necessary.
In conclusion, the use of an orally bioavailable FXa inhibitor alone or in combination with antiplatelet agents is anticipated to have a significant impact on the treatment of thromboembolic disorders. Further, synthetic direct FXa inhibitors are expected to be useful for the prevention of thromboembolism in place of vitamin K antagonists.
